ABSTRACT
INTRODUCTION
The allochthonous monocyclic belt of the southwestern Grenville Province (New York State, USA and Ontario, Canada) consists predominately of plutonic suites that intruded supracrustal country rocks during the period 1.3-1.0 Ga (Rivers et al., 1989) . The dominant plutonic component in the allochthonous monocyclic belt is the voluminous anorthositemangerite-charnockite-granite (AMCG) suite, which was emplaced ca. 1.15 Ga (Doig 1991; McLelland et al., 2004) . Tectonic models for generation of the AMCG suite once called upon incipient rifting or plume activity in an otherwise anorogenic setting (Ashwal, 1993) , but with refi ned geochronology in the 1990s, it became clear that several pulses of AMCG magmatism followed compressional orogenesis. Grenville AMCG suites are now generally interpreted to be the result of postcollisional collapse and crustal delamination causing mafi c magma underplating and melting of the lower crust, giving rise to anorthosites and ferroan (A-type) granitoids of the AMCG suite, respectively (McLelland et al., 1996; Corrigan and Hanmer, 1997) . This contribution focuses on magmatism in the Adirondack Lowlands (New York) and Frontenac terrane (Ontario), an area that has a magmatic record of 1.20 Ga subduction, 1.17 Ga convergence, and 1.17-1.15 Ga postorogenic intrusion of gabbros and ferroan granitoids. We compare the Frontenac suite in Ontario and correlative plutons in the Adirondack Lowlands. The Frontenac and Adirondack Lowlands terranes are interpreted to have been sutured together along the Black Lake shear zone (BLSZ) during the 1.19-1.14 Ga Shawinigan orogeny . Magmatic suites ca. 1.17 Ga or younger stitch this boundary, allowing differences in lower crustal composition and magma sources to be characterized (cf. Peck et al., 2004) .
GEOLOGIC SETTING
The Adirondack Lowlands and Frontenac terranes are part of the allochthonous monocyclic belt of Rivers et al. (1989) , comprising juvenile Mesoproterozoic rocks accreted to (or formed on) the margin of Laurentia (Fig. 1) . Terranes in the allochthonous monocyclic belt are interpreted as a collage of arcs, basins, and continental fragments accreted to Laurentia ca. 1.2 Ga (e.g., Carr et al., 2000) , or as a 1.4-1.2 Ga Andean-type margin with associated backarc environments (e.g., Hanmer et al., 2000) . Regional metamorphism during the collisional 1.19-1.14 Ga Shawinigan orogeny reached 640-680 °C in the Adirondack Lowlands and 700-750 °C in the Frontenac terrane, both at ~6-7 kbar (Streepey et al., 1997) . The Adirondack Lowlands (Fig. 2) are dominated by metasedimentary rocks that include metapelites with minor associated intrusive and volcanic rocks, calcitic and dolomitic marbles, siliceous metacarbonates, evaporites, and metasedimenthosted sulfi de ore deposits (Carl et al., 1990) , as well as minor distal arc volcanic and or volcaniclastic rocks (Popple Hill gneiss) and quartzite (Chiarenzelli et al., 2011a) .
Evidence from Nd isotopes has allowed the separation of juvenile and evolved Grenville rocks in the Central Metasedimentary Belt of Ontario, and suggests that a backarc failed rift began to open ca. 1.3 Ga ( Fig. 3 ; Dickin and McNutt, 2007) . Rifting proceeded to the extent that sedimentary rocks, including sandstones and limestones, blanketed most of the area, although rifting eventually ceased, and arc rocks of the Elzevir terrane were added to the southeast margin of Laurentia during the ca. 1.2 Ga Elzevirian orogeny (McLelland et al., 2010a) . In Chiarenzelli et al. (2010a) , it was proposed that a similar basin called the TransAdirondack backarc basin formed to the east (present coordinates) of the Central Metasedimentary Belt at the same time. This interpretation is largely based on the recognition of oceanic crust and upper mantle in the Adirondack Lowlands and preservation of metasedimentary rocks in contact with oceanic material. In the Adirondack Lowlands the metasedimentary assemblage includes an apparently intact sequence, the "lower marble" (an informal designation used in the Adirondack Lowlands to designate a widespread unit of calcite marble with intercalated quartzite that may be stratigraphically distinct from the "upper marble"; see Weiner et al., 1984) , Popple Hill gneiss, and "upper marble" tectonostratigraphic units. These rocks have recently been interpreted to represent rift to drift to closure of the TransAdirondack basin (Chiarenzelli et al., 2011b) . The oldest mafi c members of the bimodal Antwerp-Rossie metaigneous suite are intrusive into this sequence, and provide a minimum age for its deposition (older than 1.2 Ga).
Geochronology data indicate that sedimentary rocks in the Adirondacks were deposited between ca. 1.28 and 1.22 Ga (Chiarenzelli et al., 2011a) . There is evidence of initial convergence and the imminent collapse of the basin preserved in the sedimentary sequence while protoliths of the "upper marble" were deposited, ca. 1.22 Ga. Sequences of stratiform Zn-Pb exhalative rocks and evaporite units are preserved. Carbonates hosting the Zn-Pb exhalatives were deposited after the evaporites, perhaps indicating migration of hydrothermal, metalrich brines following pulses of convergence and uplift. This episodic uplift may have isolated the region from the open ocean and led to precipitation of evaporites. Eventual closure and collision occurred, and deformation, metamorphism, and magmatism stepped outward from the Adirondack Lowlands toward intrusive centers in the central Adirondack Highlands.
The Adirondack Lowlands terrane was intruded by two (now metamorphosed) plutonic suites that are not present in the Frontenac terrane: the bimodal ca. 1.20 Ga calc-alkaline Antwerp-Rossie suite (Wasteneys et al., 1999; Chiarenzelli et al., 2010b) , and the ca. 1.18 Ga (Heumann et al., 2006) alkali to calc-alkaline Hermon granite (Carl and deLorraine, 1997) . The Adirondack Lowlands also contain the distinctive ca. 1.17 Ga domical Hyde School leucogranite to tonalitic gneiss bodies (McLelland et al., 1991; Wasteneys et al., 1999) . The last major plutonic event recorded in the Adirondack Lowlands includes the ca. 1.16 Ga Edwardsville pluton (McLelland et al., 1993) and several correlative syenitic bodies (Buddington, 1934) . These plutonic suites are all penetratively deformed to some degree, and were followed by younger scattered, relatively undeformed (and undated) red granites (Buddington, 1934) .
The Frontenac terrane contains quartzite, pelitic rocks, marble, and siliceous metacarbonate rocks, but lacks metavolcanic rocks. Intrusive activity in the terrane was dominated by monzonite, syenite, granite, and gabbro plutons of the A-type 1.18-1.15 Ga Frontenac suite (Marcantonio et al., 1990; Davidson and van Breemen, 2000) . The heterogeneously deformed, ca. 1.17 Ga Rockport granite (van Breemen and Davidson, 1988; Wasteneys et al., 1999) is contemporaneous with the Frontenac suite and syntectonically intruded the BLSZ.
The BLSZ is a northeast-trending zone of high strain that separates the distinct rock types and metamorphic histories of the Frontenac terrane and Adirondack Lowlands (Mezger et al., 1993; Wong et al., 2011 predominantly subvertical and accommodated northwest-directed shortening and perhaps transpressional deformation. Timing constraints indicate that deformation was ongoing during intrusion of the ca. 1.17 Ga Rockport granite and was complete no later than ca. 1.10 Ga and possibly by ca. 1.16 Ga. The nature and timing of this deformation is consistent with other studies in this part of the Adirondack Lowlands (e.g., Baird and Shrady, 2011) . Wong et al. (2011) interpret the BLSZ as accommodating the tectonic juxtaposition of the Frontenac and Adirondack Lowlands terranes during the Shawinigan orogeny, associated with closure of the backarc basin that formed at the edge of Laurentia at 1.28-1.22 Ga (Chiarenzelli et al., 2010b) .
METHODS
Major and trace element geochemistry was determined from a range of samples of recognized 1.18-1.15 Ga magmatic suites including the Hermon granite, Rockport granite, Hyde School gneiss, and the Frontenac suite. One focus of the sampling strategy was a compari- Dark purple is underplating mafi c magma, and dark pink is melted lower crust. In panels after 1.20 Ga (right), light blue is undifferentiated crust in the Elzevir terrane and dark blue shows the amalgamated Trans-Adirondack basin (Adirondack Lowlands and Adirondack Highlands). For these panels, the nature of the pre-Ottawan lower crust is necessarily schematic.
son of the Edwardsville pluton in the Adirondack Lowlands and plutons of the Frontenac suite in Ontario. In addition, the Edwardsville and Honey Hill plutons were sampled for U-Pb zircon geochronology.
Representative samples (n = 10) of the Hermon granite were selected for major and trace element geochemistry using X-ray fl uorescence (XRF) for major elements and inductively coupled plasma-mass spectrometry (ICP-MS) for trace elements at the ACME Analytical Laboratories (Vancouver, British Columbia, Canada; http://acmelab.com/services/). Major element analy ses for other plutons (51 samples) were performed at Colgate University (Hamilton, New York) using a Philips PW2404 XRF (see Chiarenzelli et al., 2010b) . Trace elements from fi ve samples from the Edwardsville pluton were determined by ICP-MS at ACME Analytical Laboratories, and by XRF on pressed-powder pellets at Colgate University (Chiarenzelli et al., 2010b) . Trace elements for 20 samples from Rockport and Hyde School granite gneisses were determined using methods described in Hollocher et al. (2007) . Trace elements for 16 samples from the Frontenac suite were determined with an Agilent HP4500 ICP-MS (Harpp et al., 2005) . Zr, Nb, Hf, Ta, Th, and U are not reported for some samples from the Frontenac suite in Ontario and from the Edwardsville pluton that had anomalously low measured concentrations, presumably due to incomplete dissolution of zircon and/or oxides. New major and trace element compositions (Tables 1-6 ) match well with published results. The geochemical and petrological characteristics of the various suites are discussed in the following.
Samples of the Edwardsville pluton selected for geochronology were processed at Pomona College using a UA Bico Pulverizer, a Gemeni GT60 MK.2 shaking table, methylene iodide, and a Frantz Isodynamic separator. Zircon crystals were hand-picked from concentrates using a binocular microscope and were screened for cracks and alteration. Samples were mounted in epoxy with standards, polished to expose cross-sections of grain interiors, gold coated, and examined using backscattered electron and cathodoluminescence (CL) imaging prior to and following ion microprobe analysis. U-Pb geochronology of zircon was conducted at the U.S. Geological Survey-Stanford University SUMAC SHRIMP-RG laboratory (Stanford USGS Micro Analysis Center, sensitive high-resolution ion microprobe-reverse geometry) using standard procedures (e.g., Premo et al., 2008 , and references therein). Analyses used an O 2-primary beam that produced ~20-µm-diameter × 1-2-µm-deep spots (Table 7) . Sample analyses were interspersed with analyses of the VP-10 standard, and data reduction was performed using the Squid and Isoplot programs (Ludwig, 2001 (Ludwig, , 2008 .
Oxygen isotopes in zircon were analyzed by laser fl uorination using a 35W CO 2 laser at the University of Oregon (Table 8; Bindeman et al., 2008) . Bulk zircon samples were 1.0-2.3 mg, evolved oxygen was analyzed as CO 2 using a Finnigan MAT 253 mass spectrometer, and analyses were standardized to UWG2 (Valley et al., 1995) . Zircon was analyzed because its refractory nature allows oxygen isotope ratios of magmas to be calculated even in polymetamorphic igneous rocks (Valley et al., 2005) . Zircons from the analyzed magmatic suites retain igneous ages and only have rare inherited cores or later overgrowths (Davidson and van Breemen, 2000; Hamilton et al., 2004) . These features are volumetrically minor, so have only a small potential impact on the measured oxygen isotope ratio of whole zircons.
RESULTS AND DISCUSSION

Ma Antwerp-Rossie Metaigneous Suite
The Antwerp-Rossie metaigneous suite is a bimodal suite of deformed granitic, granodioritic, and dioritic orthogneisses. It is the oldest of the plutonic suites recognized as intrusive into the supracrustal sequence exposed in the Adirondack Lowlands, southeast of the BLSZ. The geology of these rocks was described in Chiarenzelli et al. (2010b) , and additional geochemical analyses and discussion are in Carl and deLorraine (1997) . We also utilize data from metamorphosed mafi c intrusive bodies that include the Pleasant Lake metagabbro, metagabbros near Harrisville, the Balmat metadiorite, and the Split Rock metadiorite (see Carl, 2000) , which are correlative members of this suite (Chiarenzelli et al., 2011b) . These mafi c bodies share common geochemical characteristics with the Antwerp-Rossie suite, and some span the 52.5-62.5 wt% SiO 2 compositional gap present in most members of this suite (Chiarenzelli et al., 2010b) . The crystallization age of this suite is 1203 ± 13.6 Ma based on SHRIMP-RG analysis of zircon (Chiarenzelli et al., 2010b) .
The Antwerp-Rossie suite is characterized by a high-K geochemistry and is metaluminous (Fig. 4) . According to the terminology of Frost and Frost (2008) , this suite is magnesian and calc-alkalic (Figs. 4B, 4C ). The Antwerp-Rossie suite has broadly arc-like trace element contents with high Cs, Pb, La, and Nd, and low Nb, Ta, P, Ti, and Zr (Fig. 4G) . Rare earth elements (REE) show a light (L) REE enrichment (La n /Sm n = 1.8-7.2) and range from nearly fl at to strongly depleted heavy (H) REE patterns (Sm n /Yb n = 1.9-14.3), implying a range of sources from garnet free to garnet rich (Fig. 4I) . In general, the most felsic members of the suite (Antwerp granitoids, SiO 2 > 62.5%) have higher La n /Sm n (average, av. = 4.8) and Sm n /Yb n (av. = 7.0) ratios than the mafi c rocks (Rossie metadiorites, SiO 2 < 52.5%) (av. = 3.0 and 4.3, respectively).
Neodymium model ages (T DM ; depleted mantle) for the Antwerp-Rossie suite range from 1.3 to 1.6 Ga, with ε Nd values of 1.5-5.4 at 1.2 Ga (Chiarenzelli et al., 2010b) . The suite is interpreted to have formed during closure of a backarc basin between the Frontenac terrane and the southern Adirondack Highlands during the Shawinigan orogeny at 1.2 Ga (Fig. 4) , based on its location at the northwest margin of the Adirondack Lowlands and its geochemistry.
Although the geochemical traits of the Antwerp-Rossie suite and, to a lesser extent, the Hermon granite, discussed in the following, strongly suggest the infl uence of subductionrelated melts, the tectonic setting of subduction has only recently been better understood. Evidence suggests that the southeast margin of Laurentia (present coordinates) was an Andeantype margin for much of the time leading up to the ca. 1.07 Ga Ottawan orogeny (Wasteneys et al., 1999; Hanmer et al., 2000; Chiarenzelli et al., 2010a) . In post-Shawinigan plutonic rocks (Frontenac suite) in the Frontenac terrane, highly elevated δ
18
O values of zircon were found (to 15‰; Peck et al., 2004 ), compared to global average δ
O values for zircon from granitic rocks (Valley et al., 2005) . This enrichment ends near the BLSZ, a structure (Fig. 2 ) that has been proposed to be the boundary between the Frontenac terrane and the Adirondack Lowlands (Wasteneys et al., 1999; Chiarenzelli et al., 2010b; Wong et al., 2011) . T DM Nd model ages calculated for the Antwerp-Rossie suite increase westward toward the BLSZ to a maximum of 1.6 Ga along the boundary (Chiarenzelli et al., 2010a) . In addition, the BLSZ serves as the western boundary of the Antwerp-Rossie and Hermon granite suites. These constraints help establish the location of the boundary between the Frontenac and Adirondack Lowlands, the polarity of pre-Shawinigan subduction, and allow the infl uence of subducted sediments and/or hydrothermal altered oceanic crust in the source region to be evaluated.
Fragments of oceanic crust and upper mantle rocks have recently been identifi ed in the Adirondack Lowlands (Chiarenzelli et al., 2010b (Chiarenzelli et al., , 2011b implying the presence of preShawinigan oceanic crust south of the BLSZ. The ultramafi c Pyrites complex consists of hydrothermally altered crust that shows subduction-related geochemical trends (with negative Nb, Ta, P, and Zr, and positive Cs, Pb, La, Note: Oxides are weight percents, elements are parts per million. LOI-loss on ignition; blank-no analysis was made. and Nd anomalies relative to primitive mantle) indicating a suprasubduction zone origin (Chiarenzelli et al., 2010b) . In addition, linear belts of gabbroic and amphibolitic rocks and mafi c members of the Antwerp-Rossie suite have nearly identical geochemical trends. This suggests a widespread metasomatic enrichment during subduction of the upper mantle wedge that was the source for magmatic rocks in the Adirondack Lowlands. This source seems to have been absent soon after the Shawingan orogeny, because subsequent magmatic rocks lack the characteristic geochemical trends linking the Pyrites complex and associated plutonic rocks, and indicate the infl uence of a deeper enriched asthenospheric source for anorthositic and gabbroic members of the AMCG suite (Regan et al., 2011) .
Ma Hermon Granitic Gneiss
The Hermon suite of hornblende granitic gneisses, often containing distinctive K-feldspar augen and megacrysts, is also found southeast of the BLSZ. The Hermon granite is slightly younger than the Antwerp-Rossie suite, 1182 ± 7 Ma (U-Pb zircon by SHRIMP II; Heumann et al., 2006) . The Hermon granite is metaluminous, magnesian, and progresses from alkalic to alkali-calcic to calc-alkalic with increasing silica. Samples of Hermon granite plot mostly within the volcanic arc fi eld of granites (Figs. 4E, 4F; see also Carl and deLorraine, 1997) . Individual Hermon granite bodies tend to be compositionally homogeneous, but they range in SiO 2 from 54% to 75% (Carl and deLorraine, 1997) . The Hermon granite has several geochemical similarities to the felsic members of the Antwerp-Rossie suite, although it is somewhat more potassic (Fig. 4D) . The Hermon suite has similar to slightly higher LREE enrichment (La n /Sm n = 2.4-6.5; av. = 3.9) and moderately depleted HREEs (Sm n /Yb n = 1.6-9.3, av. = 4.9) compared to the Antwerp-Rossie suite. The Hermon granite also shares the high Cs, La, and Nd, and low Nb, P, and Ti, and a similar Nd isotope composition with the Antwerp-Rossie suite (Fig. 4H) (Chiarenzelli et al., 2010b) .
However, there are several geochemical differences between the two suites. The Hermon granite is more potassic (K 2 O 4.7% ± 1.0%) than the Antwerp-Rossie suite (K 2 O 3.8% ± 0.7%), and more felsic (SiO 2 65% ± 5% compared to 63% ± 8%), has higher Ta (5.6 ± 3.9 ppm compared to 1.7 ± 1.6 ppm) and Zr (>300 ppm at intermediate SiO 2 contents compared to 100-300 ppm), and lower Pb (2.3 ± 0.9 ppm compared to 17.6 ± 11.1 ppm). The tectonic setting of the Hermon granite is also somewhat ambiguous. Many of the geochemical characteristics described here are similar to those of the Antwerp-Rossie suite, and are consistent with subduction and genesis in a volcanic arc system. However, by 1182 Ma the Adirondack Lowlands was already undergoing thickening and metamorphism caused by collision with the Adirondack Highlands to the east, indicating that subduction might have already ceased (Heumann et al., 2006; Fig. 3) . It is possible that the geochemical features of the Hermon granite refl ect a subduction-related geochemical signature in the metasomatized mantle that persisted after subduction had ceased (e.g., Pearce et al., 1990; Coulon et al., 2002; Till et al., 2009) , or simply the lag time for the ascent of subduction-related melts.
A possible analog occurs in the Miocene Sonoran arc (Mexico) where calc-alkaline volcanic rocks continued to be erupted after subduction of the Farallon plate ended. This transition from subduction-related to postsubduction volcanism was marked by differences in trace elements that refl ect changes in the source region (e.g., lower Nb/Ta), less slab-derived fl uid contribution (e.g., lower Ba/Y), and smaller LREE/HREE in postsubduction lavas (Till et al., 2009 ). Similar characteristic differences are observed between the Antwerp-Rossie suite and Hermon granite: the Nb/Ta ratio changes from 9.4 ± 4.9 to 3.7 ± 2.0 and the Ba/Y changes from 56 ± 26 to 33 ± 13 (calculated using our new data and data from Chiarenzelli et al., 2010b) . Generally, the REEs are less fractionated in the Hermon granite (La n /Sm n and Sm n /Yb n are lower) than in the Antwerp-Rossie suite. However, this refl ects the general lack of strongly fractionated members of the Hermon granite (La n /Sm n > 5 and Sm n / Yb n > 8) compared to the Antwerp-Rossie suite, a feature similar to Miocene volcanic rocks in Sonora (Till et al., 2009 ). The geochronological constraints and the geochemical characteristics of the Hermon granite are consistent either with the end of Shawinigan subduction or, alternatively, derivation from a mantle source modifi ed by subduction-related fl uids shortly after subduction ended. The latter was perhaps caused by slab break-off or postcollisional extension following juxtaposition of the Frontenac terrane and Adirondack Lowlands.
It is interesting to note the differences in geographic locations of each of these suites. The Antwerp-Rossie suite primarily intrudes rocks of the "lower marble," to the north and west of Gouverneur, whereas the Hermon granitic gneiss primarily intrudes pelitic and pssamitic Popple Hill gneiss to the south and east of the Antwerp-Rossie suite (Fig. 2) . This spatial distribution could be evidence of defl ection or channeling of later melts into the relative weak and leucosome-rich Popple Hill gneiss as deformation and tectonism progressed.
Ma Hyde School Granitic Gneiss
The Hyde School gneiss (hereafter HSG) occurs primarily in 14-km-scale structural domes within the Adirondack Lowlands from southeast boundary of the BLSZ southeast to the Carthage-Colton shear zone (Fig. 2) . This distribution may suggest intrusion after the dominant structural architecture of the Adirondack Lowlands was established, in contrast to the more restricted occurrence of earlier suites. HSG bodies compose the most controversial , 1989) . In G-J, rocks with <57% SiO 2 are shown with back symbol outlines and pattern lines.
Figure 4 (continued). (E, F) Tectonic discrimination diagrams of Pearce et al. (1984). Syn-COLG-syncollision granite, WPG-within-plate granite, VAG-volcanic arc granite, ORG-orogenic granites. (G, H) Multielement plots of the Antwerp-Rossie suite (G) and Hermon granite (H), normalized to primitive mantle (normalizing factors from Sun and McDonough, 1989). G excludes anomalously high Ta from Carl (2000). (I, J) Rare earth element plots of the Antwerp-Rossie suite (I) and Hermon granite (J) normalized to chondrite (Sun and McDonough
igneous suite in the Adirondack Lowlands with respect to its origin. These domical bodies range from alaskite to tonalite in composition and contain both concordant amphibolite layers and amphibolite dikes that crosscut earlier layering. Buddington (1929) interpreted the HSG to be plutonic bodies intruded as phacoliths, whereas Carl et al. (1990) , Carl and deLorraine (1997) , and Carl (2000) interpreted them as aerially extensive metamorphosed volcanic rocks forming the base of an Adirondack Lowlands supracrustal sequence. Geochemical zoning within these bodies was interpreted as relict of volcanic stratigraphy. The domical structure of the HSG bodies has been attributed to syntectonic intrusion, sheath folding, cross-folding, or as being the result of deformation during transpression (see Baird and Shrady, 2011) . McLelland et al. (1991) suggested that the HSG has a plutonic origin, and that rocks in contact with the HSG show contact-metamorphic temperatures higher than those of regional Shawinigan metamorphic isotherms (see also Hudson, 1994) . Single-grain U-Pb dating of zircon from two bodies of HSG demonstrates that the HSG is contemporaneous with the 1172 Ma Rockport granite (Wasteneys et al., 1999) . This age was also reported in one multigrain zircon population by McLelland et al. (1991) , along with older inherited zircon. This 1172 Ma age is contemporaneous with garnet and monazite ages (Mezger et al., 1991) , migmatite formation in the metapelitic rocks (Heumann et al., 2006) , and penetrative deformation of the Adirondack Lowlands (Baird and Shrady, 2011) . These relationships indicate that the current level of exposure was at depth at the time, supporting a plutonic origin for the HSG. Because Adirondack Lowlands metasediments are crosscut by the ca. 1203 Ma Antwerp-Rossie suite, the ca. 1172 Ma HSG, although apparently conformable with metasediments, must have intruded this package as well.
Thus, the HSG cannot form the basement for the metasedimentary sequences of the Adirondack Lowlands (see also Peck et al., 2011) .
The HSG ranges from intermediate to felsic (Fig. 5D ), but typically has SiO 2 > 75% (McLelland et al., 1991) , and straddles the metaluminous-peraluminous composition boundary (samples ≥75% SiO 2 have molar Al 2 O 3 /(CaO + Na 2 O + K 2 O) ≈ 0.9-1.2). The felsic HSG is mainly ferroan, while rocks with <70% SiO 2 are magnesian. HSG samples defi ne smooth trends on variation diagrams and straddle the alkalicalcic-calc-alkalic boundary (Figs. 5C, 5D ). Conformable amphibolitic layers and crosscutting dikes in the HSG are geochemically similar and consistent with a comagmatic origin with the HSG (McLelland et al., 1991) . The samples analyzed from the HSG plot transitionally between within-plate and volcanic arc granites, with the tonalitic facies making up the majority of samples in the volcanic arc fi elds (Figs. 5E, , 1989) . In G-J, rocks with <57% SiO 2 are shown with back outlines and pattern lines. 5F; Wasteneys et al., 1999) . The HSG shows similar high Cs, Pb, La, and Nd, and low Nb, Ta, P, and Zr concentrations to the Antwerp-Rossie suite (Fig. 5G) .
Figure 5 (continued). (E, F) Tectonic discrimination diagrams from Pearce et al. (1984). Syn-COLG-syncollision granite, WPG-within-plate granite, VAG-volcanic arc granite, ORG-orogenic granites. (G, H) Multielement plots of the HSG (G) and Rockport granite (H) normalized to primitive mantle (Sun and McDonough, 1989). (I, J) Rare earth element plots of the HSG (I) and Rockport granite (J) normalized chondrite (Sun and McDonough
Overall, the HSG has high REE, moderate LREE enrichment (av. La n /Sm n = 2.5) and slightly depleted (relatively fl at) HREE (av. Sm n /Yb n = 2.5), with moderate negative Eu anomalies (Fig. 5I) . Tonalitic rocks of the HSG have slightly lower REEs and are more depleted in HREEs than more granitic lithologies (Sm n / Yb n > 2.5; McLelland et al., 1993) . HREE patterns are consistent with a plagioclase-bearing, garnet-free parent rock, and concave-up HREE patterns indicate pyroxene or hornblende in the source. T DM Nd ages for the HSG are characteristic of a depleted mantle, and range from 1.2 to 1.4 Ga (McLelland et al., 1993) , similar to the Antwerp-Rossie suite and Hermon granite (Chiarenzelli et al., 2010b) .
Ma Rockport Granite
The Rockport granite is an igneous-textured to gneissic pink leucogranite that crops out on shores of the St. Lawrence River and islands therein, but does not extend southeast of the BLSZ. It is typically emplaced as dikes and sheets into metasedimentary country rocks, and in places forms spectacular net-vein textures where emplaced into calc-silicate gneiss (Carl and deLorraine, 1997) . Deformed and recrystallized Rockport granite, massive igneous-textured Rockport granite, and isolated Rockport granite dikes all share ca. 1172 Ma crystallization ages (van Breemen and Davidson, 1988; Wasteneys et al., 1999) . Single-grain U-Pb geochronology of Rockport granite on Wellesley Island (Wasteneys et al., 1999) showed that the age of 1416 ± 5 Ma previously determined by multigrain techniques (McLelland et al., 1991) was probably the result of xenocrystic zircon contamination and U-Pb discordance. In addition, texturally early gneissic Rockport granite is geochemically similar to rocks that crosscut it, indicating that the different phases of Rockport granite are comagmatic (Carl and deLorraine, 1997) . Wasteneys et al. (1999) interpreted the HSG and Rockport granite to be part of the same magmatic suite, based on lithologic similarities and U-Pb zircon ages. The HSG and the Rockport granite have similar SiO 2 (~71%-72%) and overlap on major element variation diagrams (Fig. 5D) ; their felsic facies are mostly ferroan, straddle the metaluminous-peraluminous boundary, and share similar positive Cs, Pb, La, and Nd, and negative Nb, Ta, P, and Zr anomalies (Figs. 5B, 5D, 5H ). Plutonic bodies near North Hammond (New York State) are correlated with Rockport granite because they share similar geochemical characteristics. The Rockport granite is weakly LREE enriched (av. La n /Sm n = 4.0) and has relatively fl at HREE (av. Sm n /Yb n = 2.7), and moderate negative Eu anomalies. Most of these characteristics are similar to the HSG, but Rockport granite samples exhibit higher LREE enrichment and lower overall HREEs than HSG (Fig. 5J) .
Similar to the HSG, HREE patterns of the Rockport granite are consistent with plagioclase-bearing and possibly pyroxene-or hornblende-bearing sources. A single Rockport granite sample has a Nd T DM of 1.4 Ga, similar to the HSG (McLelland et al., 1993) . The Rockport granite differs from the HSG in generally lacking associated tonalitic facies and amphibolite layers or dikes, higher average K 2 O, and wholerock chemistry that varies from alkali-calcic to calc-alkalic instead of largely calc-alkalic.
Most notable in the fi eld is the difference in emplacement style of the two suites: HSG forms conformable domes within the enveloping metasedimentary rocks, whereas the Rockport granite intruded as crosscutting dikes and sheets into country rock. These distinct emplacement styles may be the result of differences in the stress fi eld (e.g., Baird and Shrady, 2011) or country-rock lithologies on either side of the BLSZ. It is possible that the more ductile marble-rich country rocks of the Adirondack Lowlands southeast of the shear zone promoted concordant emplacement of the HSG (cf. Corriveau and Leblanc, 1995) , while quartzite-rich country rocks of the Frontenac terrane northwest of the BLSZ promoted fracture-controlled emplacement of Rockport granite.
1150-1180 Ma Frontenac Plutonic Suite
A distinctive feature of the southwestern Grenville Province is the abundance of synShawinigan to post-Shawinigan (i.e., 1.18-1.16 Ga) magmatism, including members of the AMCG suite. We focus here on suites that intruded the Adirondack Lowlands and Frontenac terranes, followed by a comparison with the contemporaneous magmatism in the nearby Adirondack Highlands, Central Metasedimentary Belt of Quebec, and Morin terrane (Fig. 1) .
The Frontenac suite has been well described and dated in Ontario. It is made up of granite, monzonite, syenite, gabbro, and anorthosite plutons emplaced into metasediments during the period 1154-1176 Ma (Marcantonio et al., 1990; Davidson and van Breemen, 2000; Peck et al., 2004; Grammatikopoulos et al., 2007) . These plutons preserve igneous textures and original contact relationships with country rocks, except where deformed within the Maberly shear zone in the western Frontenac terrane and eastern Sharbot Lake domain (Davidson and van Breemen, 2000) . Undeformed Frontenac suite plutons have unusually high δ
18
O values (Fig. 6) , which are interpreted as indicating derivation from a hydrothermally altered ocean crust component in the basement of the Frontenac terrane (Peck et al., 2004) . Some of the Frontenac plutons are made up of several bodies having different igneous compositions that are separated by countryrock screens, and some bodies have magma mingling textures (Davidson and van Breemen, 2000; Grammatikopoulos et al., 2007) .
Although the Frontenac suite was emplaced, in part, during emplacement of the Rockport granite and HSG, the suites are geochemically distinct. The Frontenac suite is generally more mafi c than the Rockport granite and has a more continuous range of compositions (Figs. 7A-7D ). The Rockport granite and HSG (>70% SiO 2 ) are commonly strongly ferroan, and the Frontenac suite straddles the ferroanmagnesian compositional boundary (Fig. 7B) . The Rockport granite is largely alkali-calcic to calc-alkalic, while the Frontenac suite rocks are alkaline, especially the mafi c and intermediate facies (Fig. 7C) . Plutons of the Frontenac suite display differences in major element geochemistry. For example, P 2 O 5 and SiO 2 (<50% SiO 2 ) (Fig. 7D) show a negative correlation for mafi c rocks of the Crow Lake pluton and a positive relation for the Leo Lake pluton. The Frontenac suite has a continuous range of major elements compositions, but individual plutons vary. For example, our new data show that the South Lake and Crow Lake plutons are bimodal, with ~10% gaps in SiO 2 between mafi c and felsic lithologies (Fig. 7D) , similar to the bimodal Leo Lake pluton (Grammatikopoulos et al., 2007) .
The Frontenac suite and the Rockport granite plot similarly as transitional between withinplate and volcanic arc granites (Figs. 7E, 7F) . The Frontenac suite lacks, or has much less prominent, negative anomalies in Sr, P, and Ti than the Rockport granite, and shows negative anomalies in Zr, Th, and U (Fig. 7G) . It has overall high REEs (LREE ~150-500× chondrite), except for a mafi c sample from the Leo Lake pluton and three felsic samples from South Lake pluton, which have LREE ~10-80× chondrite. All Frontenac suite samples have moderate LREE enrichment (av. La n /Sm n = 2.7) and HREE depletion (av. Sm n /Yb n = 3.4), with negligible Eu anomalies (Fig. 7H ). The Frontenac suite shows increasing Zr with SiO 2 until ~60%, after which Zr declines, a typical relationship for some A-type granites (Whalen et al., 1987) . In contrast, the HSG has steadily increasing Zr with SiO 2 with the highest Zr in the most evolved rocks (Figs. 7I, 7J) . T DM Nd model ages for the Frontenac suite range from 1.3 to 1.5 Ga (Marcantonio et al., 1990) , similar to Antwerp-Rossie, Hermon granite, and Hyde School plutons.
Newly Recognized Frontenac Suite Plutons in the Adirondack Lowlands
Buddington (1934) described a number of syenite bodies in the Adirondack Lowlands that share lithologic characteristics and emplacement style with the Frontenac suite. McLelland et al. (1993) presented an isotope dilution-thermal ionization mass spectrometry (ID-TIMS) zircon date of 1164 ± 4 Ma from a felsic lithology of one of these bodies, the Edwardsville pluton. The Edwardsville pluton also shares the unusually high magmatic δ
18
O of other members of the Frontenac suite, which led to a correlation of this body with this suite (Peck et al., 2004) . Here we present new geochemistry and geochronology for the Edwardsville pluton and other syenite bodies in the Adirondack Lowlands that confi rm their correlation with the Frontenac suite.
The Edwardsville pluton is a composite intrusive located immediately east of the BLSZ (Fig. 2) . Parts of this body have been called the Pope Mills mass (Buddington, 1934) , Edwardsville syenite (McLelland et al., 1993; Peck et al., 2004) , and Pope Mills metagabbro (Carl, 2000) . Buddington (1934, p. 69 ) mapped this pluton, and described it as "a belt of pink to red syenite…intrusive into a belt of pyroxenitic amphibolite with which it forms a migmatite"; he correlated the Pope Mills pluton with other mapped (but essentially unstudied) syenite bodies in the Adirondack Lowlands. The northern margin of the Edwardsville pluton is syenite containing occasional mafi c enclaves and country-rock xenoliths. Mafi c lithologies, making up the southern portion of the pluton, include fi negrained equigranular monzodiorite to diorite crosscut by melanocractic porphyritic monzonite (Fig. 8) . Major element variation diagrams show smooth trends from fi ne-grained monzodiorite and diorite (SiO 2 ≈ 49%) to porphyritic monzonite (SiO 2 ≈ 53%) to syenite (SiO 2 ≈ 62%), with a gap at ~54%-60% SiO 2 ; a single compositionally layered sample of 57% SiO 2 may be a deformed example of magma mingling. Major and trace element compositions (Fig. 7) indicate that the Edwardsville pluton, located within the Adirondack Lowlands, is a member of the Fronte nac suite. The Edwardsville pluton samples have moderate LREE enrichment (av. La n /Sm n = 2.3) and HREE depletion (av. Sm n /Yb n = 3.2), with small or no Eu anomalies (Fig. 7H) , similar to plutons from the Frontenac suite.
The Beaver Creek pluton (Fig. 2) was called the Beaver Creek intrusive sheet by Buddington (1939) and the Huckleberry Mountain granite by Carl and deLorraine (1997) , who noted similarities between the Beaver Creek pluton and the Rockport granite; however, in detail Beaver Creek pluton samples are more ferroan than the Rockport granite and have higher CaO contents at equivalent SiO 2 contents (cf. Figs. 5B and 7B and 5D and 7D) . Geochemically the Beaver Creek pluton correlates well with the Frontenac suite (Fig. 7) , and felsic samples (SiO 2 = 68%-75%) especially are very similar geochemically to samples from the Crow Lake, South Lake, and Perth Road plutons. Limited major element data for other syenite bodies in the Adirondack Lowlands (such as the Honey Hill pluton) suggest that they are also members of the Frontenac suite in the Adirondack Lowlands (Figs. 7A-7C ).
Geochronology and Oxygen Isotopes of Zircon from Frontenac Igneous Suite Rocks in the Adirondack Lowlands
Two samples from the Edwardsville pluton and one from the Honey Hill pluton were selected for geochronology. Sample AGS-45 is an alkali-feldspar syenite from the northern part of the Edwardsville pluton, and is lithologically similar to the felsic sample of zircon dated by ID-TIMS as 1164 ± 4 Ma (McLelland et al., 1993) . Elongate zircons (aspect ratios 1:2-1:4) were imaged using CL, and show oscillatory growth zoning with some minor sector or turbid zoning and occasional dark CL rims that truncate zoning (Fig. 9A) . These textures are interpreted as magmatic features. Dating by SHRIMP-RG yielded relatively concordant analyses ( Fig. 9B; Table 7 ), and 207 Pb/ 206 Pb ages that average 1187 ± 19 Ma (2σ, n = 12, mean square of weighted deviates, MSWD = 1.37). This sample has a zircon saturation temperature >1000 °C (after Watson and Harrison, 1983) , predicting that inherited zircon should largely persist through anatexis and crystallization of this bulk composition. Ages of individual spots (with analytical uncertainties) yield essentially identical ages for cores and rims, with a range of ages that encompasses the ages of other Adirondack Lowlands suites; therefore, these ages refl ect a maximum age of the magmatic origin of this pluton because of likely inheritance of igneous precursor zircon. We favor this interpretation based on the slightly younger 1164 ± 4 Ma age of McLelland et al. (1993) and the age of AGS-49 (following).
Sample AGS-49 is a monzonite collected from the southern part of the Edwardsville pluton. Zircon crystals separated from this sample have the shapes and CL zoning appearance of being fragments of originally large, anhedral crystals (Fig. 10A) , similar to zircon commonly collected from mafi c members of the AMCG suite elsewhere . SHRIMP-RG analyses defi ne a chord that intersects the concordia line at 1156 ± 49 Ma (2σ, n = 10, MSWD = 0.90). Discarding the two discordant spots, the regression intersects concordia at 1149 ± 22 Ma ( Fig. 10B; 2σ , n = 8, MSWD = 0.56), which is our preferred age for this sample. The lack of textural evidence for zircon inheritance and this sample's mafi c chemistry (indicating a zircon-undersaturated magma) make this age the best estimate for the magmatic age of the Edwardsville pluton, identical to the ages of other Frontenac suite plutons in Ontario.
The third rock selected for geochronology is a granitic sample (AGS-39) from the syenitic Honey Hill pluton mapped east of Red Lake by Buddington (1934) . Zircons from this sample are similar to those from AGS-45, and six analyses concentrated on regions of oscillatory growth zoning away from cores or disturbed zoning (Fig. 11A) . These spots defi ne a cord that intersects the concordia line at 1161 ± 16 Ma (2σ, n = 6, MSWD = 0.62). One spot is 60% discordant and has 1449 ppm U. Discarding this point, the 5 remaining analyses have an average 207 Pb/ 206 Pb age of 1163 ± 16 Ma (2σ, n = 5, MSWD = 0.53), and a concordia age of 1165 ± 14 (2σ, n = 5, MSWD = 0.28). These ages are essentially identical, so we take the age of 1161 ± 16 Ma (the concordia age of all the points) to be the age of the Honey Hill pluton (Fig. 11B ). This is similar to the age of other Frontenac suite plutons.
Oxygen isotope ratios in ca. 1155 Ma plutons are distinctively high for samples from the eastern Frontenac terrane (δ 18 O zircon = 11.8‰ ± 1.0‰ standard mean ocean water). The use of zircon for oxygen isotope analysis allows magmatic δ
18
O to be calculated. For the Frontenac plutons, these values are 12.4‰-14.3‰, whereas values for AMCG plutons from the Adirondack Highlands are 7‰-9‰. These variations require fundamental differences in the lower crustal igneous source regions across the Adirondack Highlands-Adirondack Lowlands-Frontenac terrane-Sharbot Lake domain transect (Peck et al., 2004) . The δ
O zircon from the dated Edwardsville pluton monzonite sample is 9.1‰, which is high for a mafi c igneous rock, but considerably lower than isotope ratios found in Frontenac suite granitoids. Two felsic Edwardsville samples have very high δ
O zircon values of 11.2 (this study) and 11.1‰ (Peck et al., 2004) , clearly indicating that it is part of the Frontenac suite. The difference in oxygen isotopes between the Edwardsville monzonite and syenite highlights the bimodal nature of the Frontenac suite plutons. Sample AGS-39 from the Honey Hill pluton has a high δ
O zircon of 9.9‰, which is also similar to the high δ O zircon = 8.1‰ (Valley et al., 1994) . These new data suggest that the transition from high δ (Fig. 6) . It is possible that the Honey Hill pluton may be derived from a mixture of high δ
O lower crust to the west and lower δ
O lower crust to the east that were tectonically mixed during the Shawinigan orogeny. A similar explanation may apply to the increased Nd T DM model ages within the Antwerp-Rossie suite as the BLSZ is approached from the southeast (Chiarenzelli et al., 2010b) .
Other Ferroan Magmatism in the Allochthonous Monocyclic Belt
The Frontenac terrane and Adirondack Lowlands continue to the north as the Central Metasedimentary Belt of Quebec, which contains country rock and intrusive suites similar to those in the Frontenac and Adirondack Lowlands terranes to the south (Corriveau and van Breemen, 2000) . Rheologically rigid gneiss complexes in the Central Metasedimentary Belt are intruded by undeformed dioritic and monzonitic dikes of the 1.17-1.16 Ga Chevreuil suite. The synkinematic monzonitic, dioritic, and gabbroic sheet-like plutons of this suite are preferentially emplaced into deformed metasedimentary rocks (Corriveau and van Breemen, 2000) . Monzonite plutons of this suite are recognized east of the Labele shear zone (Fig. 1) , where they intruded coevally with the 1.16-1.13 Ga anorthosite suite in the Morin terrane (Doig 1991; Corriveau and van Breemen, 2000) . The western side of the Morin anorthosite massif is surrounded by a large body of ferrodiorite (jotunite) that grades into granitic rocks (mangerite). This body is distinct from the Chevreuil suite; it is metaluminous and has a calc-alkalic geochemical trend, while the Chevreuil suite both in the Central Metasedimentary Belt and Morin terrane is distinctly alkali-calcic and can be slightly peraluminous (Rockow, 1995; Corriveau, 2013) . Oxygen isotopes of the Chevreuil suite monzonites and Morin mangerite are similar to each other (δ 18 O zircon ≈ 7.5‰-9.5‰), but high δ 18 O values, such as those to the south in the Frontenac suite, were not observed (Peck et al., 2004) . The Chevreuil suite lacks the strongly alkaline signature of the Frontenac suite (Fig. 12) .
The Adirondack Highlands and Morin terranes are geologically similar; both are metamorphosed to the granulite facies, are dominated by metaplutonic rocks, and have similar thermal histories . In addition, anorthosites in the Adirondack Highlands and Morin terrane share oxygen isotope systematics that indicate substantial crustal contamination of parent magmas (Peck and Valley, 2000) . Ferrodiorite to granitic rocks associated with the Adirondack Highlands anorthosite are for the most part alkalic to alkali-calcic in composition (intermediate between the Frontenac and Chevreuil suites) and are predominately metaluminous ( Fig. 12 ; Seifert et al., 2010) . Oxygen isotopes of these rocks (δ 18 O zircon ≈ 8‰; Valley et al., 1994) are similar to Chevreuil suite monzonites and Morin mangerite. The extent of the 1.17-1.15 Ga AMCG magmatism across several terrane boundaries and synkinematic intrusions into deformation zones in the allochthonous monocyclic belt indicates that these terranes had been juxtaposed by that time (Davidson and van Breemen, 2000; Corriveau and van Breemen, 2000) .
Diverse Origin of Ferroan Magmatism in the Adirondack Lowlands and Frontenac Terrane
The geochemistry of magmatism in the Adirondack Lowlands progressed from bimodal magnesian and calc-alkalic (Antwerp-Rossie suite) to magnesian and alkalic to alkali-calcic to calc-alkalic (Hermon granite), through magnesian to ferroan and alkali-calcic-calc-alkalic (HSG and Rockport granite), and then to ferroan and strongly alkalic (Frontenac suite) during a period of ~50 m.y. (Fig. 3) . The subductionrelated Antwerp-Rossie suite magmatism is interpreted to have been formed during closure of a backarc basin between the Frontenac terrane and the Adirondack Highlands (Chiarenzelli et al., 2010b) . The calc-alkaline Hermon granite may record the last melting event related to subduction during docking of these terranes, or perhaps subsequent collisional melting of mantle previously metasomatized during Antwerp-Rossie subduction, a feature seen in other collisional settings (e.g., Coulon et al., 2002) . The syncollisional HSG and Rockport and postcollisional Frontenac suite magmatism are more alkalic than earlier magmas, and they have trace elements similar to other alkalic postcollisional suites elsewhere (e.g., Eby, 1992) . Postcollisional magmatism with similar compositions has been ascribed to crustal delamination, creating a wide regional area of plutonism, or alternatively slab break-off, resulting in a structurally controlled and relatively narrow zone of melting (e.g., Tang et al., 2010) . A delamination model is most consistent with the regional nature of ca. 1.15 Ga AMCG magmatism in the Adirondack Lowlands and the rest of the southern allochthonous monocyclic belt (e.g., McLelland et al., 2010a) .
Most models for the origin of the AMCG suite previously invoked anorogenic or incipient rifting conditions (see Ashwal, 1993) . We now know that this is not likely because intrusion of AMCG rocks occurred during the terminal phase of, or just after, the Shawinigan orogeny in the Adirondacks (McLelland et al., 2010a) . The vast volumes of massif anorthosite produced demands the infl uence of even greater volumes of mantle melts. To produce these melts, decompression melting of mantle peridotite is required, and models invoking delamination or detachment of the subducted slab and the rise of the asthenosphere have been proposed (McLelland et al., 2010a (McLelland et al., , 2010b Regan et al., 2011) . The nature of this mantle has recently been characterized by Nd isotopes and enriched geochemical traits of coronitic metagabbros. These primitive gabbros have a chemical composition nearly identical to enriched mid-oceanic ridge basalt (E-MORB) (Regan et al., 2011) , distinct Nd systematics from other Adirondack metaigneous rocks, and occur as satellite plutons that intrude anorthosite and AMCG suite rocks. The coronitic gabbros were originally olivine bearing and were capable of crystallizing large volumes of plagioclase and olivine, which would drive the residual magmas toward Fe, Ti, and P enrichment. Numerous bodies of oxide-and oxideapatite-rich gabbros are also associated with the massif anorthosites (Seifert et al., 2010) , indicating the complementary magmatic residual products of anorthosite genesis. The distinct switch from a subduction-metasomatized mantle source to an enriched mantle occurred ca. 1170-1150 Ma, coincident with the end of the Shawinigan orogeny.
Origin of HSG and Rockport Granite
The Rockport granite and HSG emplacement at 1172 Ma occurred during the Shawinigan orogeny, which is interpreted as an effect of the crustal thickening and melting event caused by convergence and closure of the Trans-Adirondack basin ( Fig. 3 ; Chiarenzelli et al., 2010b) . The crust and intrusive suites in the allochthonous monocyclic belt are all relatively juvenile, having similar Nd isotope ratios. Thus, T DM Nd model ages for the HSG and Rockport granite range from 1.2 to 1.4 Ga (McLelland et al., 1993) , ages that overlap with those of the Antwerp-Rossie suite, Hermon granite, and Frontenac suite and the Adirondack metasediments they intruded, which are as young as 1.4 Ga (McLelland et al., 1996) . Oxygen isotopes of the HSG and the Rockport granite are variable and range from δ 18 O zircon = 7.5‰ to 9.5‰ [δ 18 O WR (whole rock) ≈ 6.7‰-11.4‰; Valley et al., 2005] , and bulk ID-TIMS clearly shows the contribution of zircons inherited from older evolved rocks (McLelland et al., 1991; Wasteneys et al., 1999 ). In addition, major and trace element geochemistry is consistent with the model by Wasteneys et al. (1999) , that the HSG and Rockport granite are the product of melting a mixed amphibolite and granitoid crust that produced the tonalities and leucogranites, respectively, during the Shawinigan crustal thickening. This model explains the magnesian chemistry of the tonalitic phases of the HSG, peraluminous compositions in leucogranites, similarities in trace element geochemistry between these suites and the Antwerp-Rossie suite and Hermon granite, and the arc-like affi nity of the HSG (McLelland et al., 1991) . The Rockport granite gneisses are restricted to higher SiO 2 than HSG but have geochemically similar compositions. To illustrate how Rockport granite could be produced in this setting, the MELTS software package (Ghiorso and Sack 1995; Asimow and Ghiorso, 1998 ) was used to model melting during the Shawinigan orogeny. Melting was modeled using an average Antwerp-Rossie suite diorite composition as the source rock (51% SiO 2 ; Wasteneys et al. 1999) , ~0.5% H 2 O, and a progression of metamorphic temperatures extrapolated based on the current level of exposure from 850 °C and 7.5 kbar to 1050 °C and 9.5 kbar. This modeling produces a series of melts with SiO 2 = 62%-67% and K 2 O = 4%-5% (Fig. 5) , very similar to less evolved members of the Rockport granite (blue-gray facies; Carl and deLorraine, 1997) and consistent with the model of Wasteneys et al. (1999) .
Origin of the Frontenac Suite and Other AMCG Granitoids
Anorthosite suite magmatism during 1.18-1.13 Ga spans several terranes of the allochthonous monocyclic belt. Granitoid members of the AMCG suite have distinct chemistry in different terranes, i.e., metaluminous and calc-alkalic jotunites and mangerites in the Morin terrane, the alkali-calcic Chevreuil suite, alkalic to alkalicalcic granitoids in the Adirondack Highlands, and the alkalic Frontenac suite. Because of the juvenile nature of the crust and the probable presence of enriched mantle beneath the allochthonous monocyclic belt in the Mesoproterozoic (Chiarenzelli et al., 2010a) , Nd isotopes do not allow the proportions of crustal versus mantle components of these granitoids to be unambiguously calculated. However, there are other lines of evidence that point toward a large crustal component in the Frontenac suite and other anorthosite suite granitoids. For example, the 1.15 Ga ferroan granitoids from the Adirondack Highlands, with SiO 2 as low as 55%, have ca. 1.20 Ga or older inherited zircon , suggesting that evolved crustal rocks were present at the site of origin of these melts.
In addition, oxygen isotope compositions of these suites require substantial supracrustal contribution to parent magmas, further constraining AMCG origin (Valley et al., 1994; Peck et al., 2004) .
Derivation of AMCG Granitoids from
Tholeiites? Frost and Frost (2011) proposed that ferroan granitoids associated with Proterozoic massif anorthosites are for the most part of two types: (1) alkalic metaluminous granitoids (often including rapakivi granites) interpreted as being the fractional crystallization products of mafi c tholeiitic parent magmas, with little crustal involvement, and (2) alkali-calcic granitoids that are metaluminous to peraluminous and have larger crustal components. The Frontenac suite, which has anorthositic components in mafi c plutons (Davidson and van Breemen, 2000) , has some similarities to and some differences from with the fi rst type. Unlike the ferroan alkalic batholiths in Wyoming (USA) or Norway, high SiO 2 Frontenac suite granites tend to be peraluminous and alkali-calcic, which may refl ect crustal assimilation in evolved members of this suite (cf. Frost and Frost, 2011) . However, oxygen isotope compositions of the Frontenac suite, especially the high-δ 18 O plutons, are not simply the result of assimilation of country rocks (Peck et al., 2004) but require the melting of high-δ 18 O source materials. To a lesser degree this is also the case for AMCG granitoids in the Adirondack Highlands (Fig. 13 ) and the Chevreuil suite and Morin mangerite, which have elevated δ
18
O zircon values (≥8‰) even for mafi c members (Peck et al., 2004 O values in magmas are the result of origin from or assimilation of rocks that have undergone low-temperature interaction with the hydrosphere, i.e., sediments or hydrothermally altered rocks (Valley et al., 2005 O enrichment due to assimilation during fractional crystallization (Peck et al., 2004 ). An important aspect of the oxygen isotopic provinciality of the Frontenac suite is that there is no correlation of δ
O with major, trace, or Nd isotope geochemistry either within the suite, or with contemporaneous ferroan granites from adjacent terranes. This relationship led to the conclusion (Peck et al., 2004) O zircon values formed in the Cretaceous Sierra Nevada batholith (Lackey et al., 2012) .
The Fe-and K-rich chemistry of many ferroan granites, and their reduced oxidation state, has led some workers to invoke a mafi c tholeiite as the ultimate source rocks (e.g., Frost and Frost, 1997; Frost et al., 1999) . In this model, mafi c magmas are produced by mantle melting below the base of the crust, followed by fractional crystallization in the crust along tholeiitic differentiation trends. Resulting gabbros or ferrodiorites are later melted in the lower crust to form the ferroan granites. This model can be generally applied to rocks of the Frontenac suite, except that the oxygen isotopes require that supracrustal materials play an important role. These constraints also apply to the AMCG granitoids in the Adirondack Highlands, Chevreuil suite, and Morin mangerite. Frost and Frost (1997) proposed that variable granite compositions can be caused by the proportions of melt from gabbros or ferrodiorites and felsic crust that is incorporated during anatexis in the lower crust.
In this model, the most reduced rapakivi granites are most representative of melting of tholeiitic gabbros and ferrodiorites. Oxygen isotopes of some ferroan rapakivi granites seem to be consistent with this model, for example the Wolf River batholith (Wisconsin, USA), which has mantle-like δ
O values (Kim, 1989; Valley et al., 2005) . However, it is important to note that this is not always the case. For example, the reduced rapakivi Wiborg batholith in Finland and Russia, and other related rapakivi granite intrusions (Laitila, Ahvenisto, Suomenniemi) from north of the Porkkalaniemi shear zone, have elevated δ
O values inconsistent with strictly mantle-derived sources (Elliott et al., 2005) . The Finish granites have FeO t (total iron)/(FeO t + MgO) ≥ 0.92 and δ
O WR = 8.1‰-9.6‰ (calculated from zircon), which is elevated relative to mantle values. Hafnium isotope ratios (ε Hf ) of zircon from the Finish granites are relatively low at ~0, and also indicate mainly a crustal source (Heinonen et al., 2010) , in agreement with the oxygen isotope data.
Relationship of Granitoids to Anorthosite Magmas
The association of anorthosites with related ferroan granitoids has been the topic of lively long-term debate. The controversy is focused on the extent to which granitoid magmas are differentiates of anorthosite or their parent magmas (see Ashwal, 1993) . For example, McLelland et al. (2010b) outlined a now commonly cited scenario where postorogenic decompression causes mantle melting, and the melts pond and differentiate at the base of the crust (e.g., Heinonen et al., 2010) . Buoyant crystal accumulations of plagioclase ascend and become anorthosite plutons, while melts of the lower crust (byproducts of mafi c underplating) produce coeval granitoid plutons (Fig. 4) . Another model (e.g., Vander Auwera et al., 1998) is that polybaric differentiation of ferrodiorite produces both anorthosite plutons and granitoid plutons. Oxygen isotope data bear on the viability of this model. Anorthosites from the allochthonous monocyclic belt have unusually high δ
18
O values and are isotopically similar to associated granitoids, but most anorthosites elsewhere have mantle-like values, while associated granitoids are isotopically distinct (Peck and Valley, 2000; Peck et al., 2010) . For example, in the Lac Allard Massif to the northeast of the allochthonous monocyclic belt, massif anorthosite is 1.6‰ lower than associated mangerite, more than can be attributed to fractional crystallization alone (Peck et al., 2010) . Similar differences have been documented in the 1.4 Ga Laramie anorthosite complex (~1.7‰ difference; O'Connor and Morrison 1999) and the 1.4 Ga Kunene anorthosite in Namibia (~1.6‰ difference; Drüppel et al., 2007) . Oxygen isotopes of anorthosite and granitoids from the Nain plutonic suite also preclude a straightforward comagmatic origin (Peck et al., 2010 O in a magma series (Peck et al., 2004; Lackey et al., 2012) . Isotope systematics also indicate that assimilants to Nain anorthosite parent magmas have different δ
O than the source rocks for granitoids (Peck et al., 2010) .
TECTONIC SUMMARY
The Adirondack Lowlands records a continuum of magmatism from 1.20 to 1.15 Ga caused by subduction, tectonic convergence, crustal thickening, and eventual orogenic collapse and melting of the lower crust. The 1.20 Ga bimodal Antwerp-Rossie suite magmatism was likely produced by subduction during closure of the Trans-Adirondack basin (Chiarenzelli et al., 2010b) . The 1.18 Ga Hermon granite shares some of these arc-like geochemical signatures, but intruded during the beginning of crustal thickening and metamorphism caused by arc accretion and/or closure of basins during the Shawinigan orogeny. We interpret its geochemistry as refl ecting melting of metasomatized mantle during convergence, essentially prolonging an arc-like magmatic signature after the end of subduction. Tectonically dismembered fragments of this altered mantle and oceanic crust (Pyrites complex) are now recognized in the Adirondack Lowlands (Chiarenzelli et al., 2010a (Chiarenzelli et al., , 2011b . At 1.17 Ga, intrusion of the HSG and the Rockport granite marked the transition from mantle melting to melting of crustal lithologies during the Shawinigan orogeny. This melting created a variety of magma compositions that intruded across the BLSZ, marking the amalgamation of the Adirondack Lowlands and Frontenac terrane at that time. Anorthosite suite magmatism began ca. 1.17 Ga and generated bimodal mafi c and felsic magmas across the allochthonous monocyclic belt, with 1.15 Ga anorthosite massifs and granitoids intruding into the Adirondack Highlands and Morin terrane, and ferroan granitoid suites with lesser amounts of mafi c magma intruding the Adirondack Lowlands and Frontenac terrane (Fronte- nac suite) and Central Metasedimentary Belt (Chevreuil suite). Neodymium isotopes and trace element geochemistry of the 1.15 Ga gabbros in the Adirondack Highlands are consistent with upwelling of enriched asthenosphere causing anorthosite magmatism and heating of the lower crust (Regan et al., 2011) , thought to be the result of postorogenic collapse and delamination of lithosphere after Shawinigan convergence (McLelland et al., 2010a) . Oxygen isotopes of the Frontenac suite and other 1.15 Ga granitoids show a substantial high-δ 18 O component and considerable variability across boundaries between assembled terranes, indicating that these lower crust melts were formed from the melting of supracrustal materials residing in the lower crust. These data contradict models that call for ferroan anorthosite suite granites to be primarily melts of underplated, mantlederived (i.e., not supracrustal) material or differentiates of anorthosites or their parent magmas.
